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ABSTRACT: The requirements for a micromorph tanderhfo@ht transparent conductive oxide (TCO) are nplgti
This essential layer needs a high transparencyllert conduction, strong light scattering intdcsih and good
surface morphology for the subsequent growth adasil cells. These parameters are all linked ardetaffs have to
be found for optimal layer. The optimum combinatitaking into account current achievable matepatperties, is
still unclear. Concerning transparency, we studyehtirte impact of free carrier absorption (FCA) on the
photogenerated current by using first doped andintamtionally-doped zinc oxide (ZnO). Then, Bi-layenade of
flat indium tin oxide (ITO) under various thicknessof rough ZnO allow a study of the haze influealmme. It is
shown that FCA induces drastic current losses irirtfra-red part of the spectrum, and haze incremdmnces the
cell response in the infra-red part up to a cerliaiit of grain size. Surface feature sizes aboviifh appear to be
useless for haze increase purpose at the ZnO/8ifdne. By using an optimized 2um thick LPCVD ZnO,
micromorph cells showing 13.7% initial efficienowjth a total current of 27.7 mA/chrould be obtained with

240nm and 2.8um of top and bottom cell thicknesses.

Keywords: Thin Film Solar Cell, Light Trapping, TC@ahsparent Conducting Oxides

1 INTRODUCTION

1.1 General context

The micromorph tandem cell concept, comprising a
hydrogenated amorphous silicon (a-Si:H) top cell an
hydrogenated microcrystalline silicon (uc-Si:H) toot
cell, is promising for low-cost photovoltaic enerfj).
The main challenge to achieve high efficiency vétich
devices is to develop a cell design allowing foghhi
currents in both cells while maintaining optimum
electrical properties.

One key element in that respect is the front edeletr
which needs to exhibit high transparency and coticluc
strong light scattering at the textured interfazesiticon
for optimum light trapping in the cell [2-4]. Condign
and transparency are mainly controlled by the dgmasid
mobility of free carriers, as they assure the catidn
and determine the near-infrared absorption (freeeca
absorption, FCA). Light scattering potential is niain
defined by the haze in transmission (ratio of diffely
transmitted light over total transmitted light) arid
angular distribution. Understanding the respective
influence of FCA and of light scattering on the emtrof
the cell is not trivial [4, 5]. This is what we entd to
realise in this work, in order to design the optifi@O.

We show that on a 2um thick low pressure chemical
vapour deposited (LPCVD) ZnO total currents over
28mAJ/cnt can be reached.

1.2 Experimental details

The devices presented in this study are micromorph
tandem cells deposited on textured ZnO deposited on
glass by low pressure chemical vapor deposition- (LP
CVD). The ZnO is then slightly treated with a suefar
plasma to round the shape of the pyramids. Whed use
(in section 3), flat ITO is deposited by sputteromgglass
before ZnO. Silicon layers are deposited by plasma
enhanced chemical vapor deposition (PECVD). The
micromorph cells include a silicon oxide based
intermediate reflector (SOIR) [6].

The cells are patterned 1 try lift-off and dry-
etching. LPCVD ZnO and a white dielectric are used a

back electrode and back reflector. The currentagat(-

V) curves of the cells are measured with a dual lamp
WACOM solar simulator in standard test conditions
(25°C, AM1.5G spectrum, 1000 Whand open-circuit
voltage ¥, and fill-factor ¢F) are calculated. The
short-circuit current density J§) is determined by
integrating the product of the external quanturiciefficy
(EQE) and the incoming photon flux of the AM1.5G
spectrum.

2 FCAEFFECT ON THE CELL CURRENT

2.1 Different electrodes

Fig. la presents schematic side views of three
micromorph cells with identical silicon layers but
different front and back TCO electrodes. In all ére
cases, front and back TCO are similar. In case A, an
industrial-like 2um thick boron-doped LPCVD ZnO
single layer with a rough surface (70nm rms rougkhe
and a sheet resistance lower than<18q is used for
reference.

The same morphology is reproduced in case B with
non-intentionally-doped (n-i-d) ZnO but with a 1r6u
thick film. A thinner layer is needed when no eaxsic
dopant is added because of changing growth conditio
[2]. It presents the advantage of a much lower FCA
thanks to a carrier density around 2% (7 times
lower than for the previous case) [7]. Its absarpéa as
well as that of the industrial-like aforemention€@O,
can be seen in Fig. 1b. Such a film shows however a
much higher sheet resistance close t€/46. To keep
the advantage of a low free carriers density withou
changing the surface morphology but with 1€ sheet
resistance, one needs to use a thick, flat n-i-C\VP
ZnO under the 1.6um thick n-i-d ZnO film (e.g. anTp
thick film as in the scheme C). Such a layer can be
obtained by chemical mechanical polishing. A vérynt
interlayer (like a 3nm thick n-type microcrystaélin
silicon layer) is used in this case to avoid antaql
growth of the second ZnO layer.
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2.2 Resulting absorption and currents

Fig. 1b shows the absorptance of the TCO front
electrodes of A, B and C devices. The lower carriers
density of n-i-d ZnO makes the absorptance in tlvas:
much lower than A. The much larger thickness in Ghe
case induces stronger absorptance than in A and&sca
for the short wavelengths range. However, abovenB50
the absorptance is lower than that of the A cdsanis to
higher transmittance in the near infra-red dueower

doping [7]).
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Figure 1: a) Schematic view of 3 micromorph cells with
different front and back TCO based electrodes b)
Absorptance of all 3 front electrodes. c) External
quantum efficiency of top and bottom cells of theee
devices presented in a) (plain lines). Total EQ&ttétl
lines) as well as “l-reflectance” (dashed linesg ar
indicated as well. The legend indicates for alle¥ides
the top and bottom cell current in mA&m

Fig. 1c presents the EQE of top and bottom suls-cell
of micromorph devices in cases A, B and C. The lower
absorptance of thin electrodes (A and B) in the tshor
wavelengths enhances the top cell response compared
case C. However, the low photon density in the solar
spectrum for these wavelengths keeps the differémce
top cells currents quite low (around 0.1mAfniThe
EQE curves of top and bottom cell cross very clmse
each other confirming an identical light scattering
capability for all 3 front electrodes.

The bottom cell response for case A is drastically
lower than other cases because of the increasedde€A
to higher free carriers density. 2mA/tman be gained
when using n-i-d ZnO instead of doped ZnO for thme
order of thicknesses (at the cost of an increadests
resistance). Moreover, for the same QlIfy sheet
resistance, using n-i-d ZnO front and back ele&sod

(around 8um thick) instead of doped ones (yet 4dim
thinner) permits to gain 1.4mA/émThis proves the
paramount importance of reducing as much as pessibl
the carriers density in LPCVD ZnO films used as TCO
electrodes in devices including microcrystallinéesn.

3 HAZE INFLUENCE ON THE CELL CURRENT

3.1 Different front electrodes

To study the impact of changing the front electrode
haze on micromorph cells current, micromorph catls
now deposited on ITO-ZnO bi-layer front electrodEse
first 60nm thick ITO layer ensures good conduction
all cases; moreover, its absorptance in the ndearéd
(due to high free carriers density around 7°a®?) is
more than 30 times that of n-i-d ZnO and induces @n
very similar total absorptance for all electrodBse ZnO
thickness is changed from 0.1pm to 7um to incréase
pyramidal feature size on its surface (e.g. for lamd 7
pm thick films in Fig. 2a). This results in an enbament
of the light scattering (in particular the haze}shswn in
Fig. 2c [2]. We kept the angular dependence oflitite
scattering identical for all thicknesses, as canseen
with angular distribution functions of scatteredhli
curves in the Fig. 2b.
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Figure 2: a) SEM images of LPCVD ZnO surface for
1pm and 7 pm thick layers. b) normalized angular
distribution function of scattered light for 0.1ptm7pum
thick ZznO films. c) spectral dependences of haze in
transmission of these layers measured in air. peetsl
dependence of the haze calculated in silicon fon And
2um thick films is plotted in dashed lines.

3.2 Resulting effects on the cells currents

Fig. 3 presents the EQE of top and bottom suls-cell
of micromorph devices grown on aforementioned front
electrodes. It can be seen in the legend that asorg
roughness (i.e. ZnO thickness in our case) of front
electrodes enhances the bottom cell current butthea
top cell current shows a maximum for a 2um thidtafi
The continuous gain in bottom cell current can be
attributed to better light scattering, reduced aison in
doped layers and weakening of the reflection froma t
SOIR [8]. This last point explains also the redortof
top cell current for ZnO films thicker than 2pm.

All these points result in enhancement of the botto
cell EQE when increasing the front ZnO thickness. (i
the haze). However, changes in the intermediate
reflection due to the SOIR are visible in the 500Am
850nm range, while light scattering changes have a
bigger impact for larger wavelength. EQE at 900nm
wavelength and higher values is thus more reletant
evaluate the light scattering impact.

Noteworthy, EQE curves of cells grown on 2um,



4um and 7pm thick films are superimposed after 800n
This indicates that 2um thick ZnO films appear ltows
sufficient light scattering ability. Actually, a rsple
calculation of the haze from this 2um thick filmtdn
silicon [9] is close to 1 for all wavelengths uptb00nm,
which is not the case for a 1um thick ZnO film (see
dashed lines in Fig. 2c). For a given wavelengthenv
increasing surface feature size (as defined in 43]
dimensional parameter or grain size) value, thee hafz
TCO based rough layers into silicon reaches unifgrbe
the one measured in air.
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Figure 3: External quantum efficiencies of top and
bottom subcells of micromorph devices grown on ITO-
ZnO bi-layers with various ZnO thicknesses. Top and
bottom sub-cells currents in mA/érare indicated in the
legend.

Moreover, the value in silicon is much more relgvan
to characterize light scattering in the cell as dan
observed in Fig. 4: when increasing the surfaetufe
size (i.e. the thickness of the layer for LPCVD ZnO)
EQE taken at the same wavelength as the haze also
saturates to a maximal value; this saturation acéor
surface feature sizes in the same order as theaiatuof
haze into silicon. Yet, for ZnO layers with such
structures, haze measured in air remains aroutid 50
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Figure 4: Right axis: Haze in transmission measured in
air and calculated in silicon for 900nm wavelength
incident light for various thicknesses of LPCVD ZnO
front electrodes as a function of the typical feheir
surface features. Left axis: EQE value at the same
wavelength of micromorph cells grown on the same
LPCVD front electrodes.

Thus, 2um thick ZnO, which gives on its surface
pyramidal shapes of 0.4um typical size, alreadyegiv
maximal light scattering capabilities for microdiine
silicon and also gives the best top cell respotistwus
appears to be quite optimal for high matched cusrén
micromorph devices.

4 OPTIMIZED DEVICES

Micromorph cells having a high&f,. and lowerJy,
than amorphous cells, they can use TCO electrodis wi
quite high sheet resistances with reduced effigienc
losses [10]. It is thus possible to use TCO witheshe
resistances higher than 1Q/sq as front and back
electrodes. When optimized, a simple 2um thickdn-i-
ZnO layer can have more than 5Gvht.s? of mobility
with still around 2.18%m™ of carrier density, resulting
in sheet resistances around (28q after the cell
deposition. The smalF loss due to this increased sheet
resistance compared to the classically admitte@/d@ is
overcompensated by the current gain from the ratluce
absorptance of this layer. A 1émmicromorph cell using
doped nano-crystalline silicon oxide layers [11,] 12
showing 13.7% initial efficiency could be obtained
such a front electrode with 1.38V, 13.8mAfcr(motaI
current of 27.7 mA/cR) and 72% ofV,, Jg and FF
respectively. IV curve and EQE of this device (240n
top and 2.8um bottom cell thicknesses) are show#ign
5.
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Figure 5: EQE curve inside the IV curve of an optimized
1 cm2 micromorph cell using 2um thick n-i-d ZnOrfto
electrode deposited on AR coated glass. Top / bottom
cell thicknesses are 240nm / 2.8pum.

5 CONCLUSION

In summary, a large bottom cell EQE increase, thus
current gain are observed when using TCO with @e fr
carriers density thanks to reduced FCA. On the other
hand, enhancing the haze also improves the bot&im c
current, yet high hazes measured in air are notlatany
for good light scattering in silicon, and 2um thick
LPCVD ZnO films with a typical feature size of 0.4um
are sufficient to reach the maximal gain in EQHaage
wavelength. Finally, high efficiency micromorph lIsel
could be done on 2pm thick n-i-d LPCVD ZnO. It shows
excellent light scattering properties (for both tapd
bottom sub-cells) and low absorptance that
advantages to reach high top and bottom cell ctgren

are

6 ACKNOWLEGEMENT

The authors gratefully acknowledge support by the
Swiss Federal Energy Office (OFEN) under grant nermb
101191.



7 REFERENCES

[1] A. G. Aberle, Thin Solid Films 517, 4706 (2009).

[2] S. Fay et al., Sol. Energy Mater. Sol. Cells 2060
(2006).

[3] D. Domine, P. Buehimann, J. Bailat, A. Billet, A.
Feltrin, and C. Ballif, Phys. Status Solidi rrl 2,316
(2008).

[4] M. Berginski et al., J. Appl. Phys. 101, 749@BQ7).

[5] J. A. Selvan, A. E. Delahoy, S. Guo, and Y.IM.
Sol. Energy Mater. Sol. Cells 90, 3371 (2006).

[6] P. Buehlmann, J. Bailat, D. Domine, A. Billet, F.
Meillaud, A. Feltrin, and C. Ballif, Appl. Phys. Lett
91, 143505 (2007).

[7] 3. Steinhauser, S. Fay, N. Oliveira, E. VaBauvain,
and C. Ballif, Appl. Phys. Lett. 90, 142107 (2007).

[8] D. Domine et al., Conference Record of the 2006
IEEE 4" World Conference 3p. 1465 (2006).

[9] M. Boccard, P. Cuony, C. Battaglia, M. Despeisse,
and C. Ballif, Phys. Status Solidi rrl (2010)
doi: 10.1002/pssr.201004303.

[10]J. J. Hanak, Solar Energy, 23, 145-147 (1979).

[11]M. Despeisse, G. Bugnon, A. Feltrin, M.
Stueckelberger, P. Cuony, F. Meillaud, A. Billet and
C. Ballif, Appl. Phys. Lett. 96, 073507 (2010).

[12] P. Cuony et al. this conference



